In crystalline silicon (c-Si) solar cell field, an intensive effort is being paid to reduce the quantity of silicon material used in each cell in order to minimize its costs. With the reduction of wafer thickness, light trapping inside the cSi absorber becomes more and more necessary. Several photonic structures have been proposed underlining their optical properties. However, addressing other technological issues, like contact formation through the photonic structure, is also necessary for their application into finished devices. In this paper we study the viability of laser firing technique to create solar cell base contacts through inverse opals deposited on the previously passivated rear surface of the device as photonic light trapping structures. Firstly, we check out that electrical surface passivation properties are not degraded during the inverse opals fabrication steps. Next, from SEM images we deduce that the inverse opal is mechanically and thermally stable after laser processing. Moreover, reflectance measurements show that optical properties are also maintained. From these results, we can conclude that inverse opal fabrication is compatible with solar cell technology and that contacts can be created by laser means without damaging the surrounding 3D inverse opal structure neither the silicon below it.
Introduction
Nowadays, one of the main strategies to decrease the cost of crystalline silicon (c-Si) solar cells is reducing the quantity of silicon material by using thinner c-Si wafers. If possible, the formation of random pyramids on c-Si surface is a solution hard to beat due to its cost-effectiveness, compatibility with industrial environments and very good optical response. However, alternative light trapping schemes for thin silicon solar cells, either amorphous or crystalline, have been proposed and their optical properties assessed [1] [2] [3] [4] [5] [6] . In all these studies, a trade-off between optical enhancement and electrical losses arises. At the same time, photonic structures (opals layers) had been integrated as intermediate back-reflector for micromorph devices tandem silicon solar cells with amorphous silicon front absorber and a microcrystalline silicon bottom absorber [7, 8] , showing the increasing importance of light trapping for many types of thin solar cells.
Apart from their optical response, other technical issues must be addressed for a successful introduction of the photonic structure into finished devices. Particularly, when the photonic structure is applied to the rear side of the solar cell, the c-Si base has to be contacted through it in order to extract the photogenerated carriers. Among all the technological solutions, laser firing has demonstrated to be a reliable technique to contact through dielectric solid thin layers [9, 10] . This paper focuses on the viability of Al 2 O 3 inverse opals to improve back reflector of c-Si solar cells. In figure 1 , we show the hypothetical solar cell with the inverse opal integrated into the rear surface. The superiority of this rear reflector compared to double side random pyramids is beyond the scope of this paper and must be studied in detail taking into account the c-Si substrate characteristics and technological constraints. The present research focuses on the compatibility problems associated with the fabrication and integration of the photonic structure while keeping the electrical and mechanical properties of the original solar cell. In particular, we study the use of laser firing to create contacts through Al 2 O 3 inverse opals.. For the inverse opal formation, we use colloidal crystals defined by electrospray deposition technique as scaffolds [11] [12] [13] . This technique is able to create colloidal crystals in the cm 2 range becoming a good choice if the photonic structure has to be applied to commercially relevant devices. In this work we check out the effect of the technique on the surface passivation properties provided by a dielectric film previously deposited onto the c-Si surface We study then the effect of the Al 2 O 3 deposition and the typical annealing (350 ºC for 2 hours) used for nanoparticles burning. In the second part of the paper, we analyse the viability of creating contacts to the c-Si through the inverse opal by means of a laser beam. In particular, In order to ensure the mechanical stability of the inverse opal a group of laser fired samples is studied using SEM (Scanning Electron Microscopy) micrographs and trenches are drilled using FIB (Focused Ion Beam) to check out the morphology of 3D structure at the edge of the laser holes. Finally, reflectance measurements are done before and after laser processing.
Experimental
To reproduce the rear surface configuration of the hypothetical solar cell (see figure 1 ) in a c-Si wafer, we start with a complete RCA cleaning of the p-type c-Si substrates. Next, we symmetrically cover them by a 5nm Al 2 O 3 layer at 200 ºC by Atomic Layer Deposition (ALD) technique in order to electrically passivate cSi surface. Then, samples are annealed at 400ºC for 10 minutes in order to activate the fixed charge density located at the Al 2 O 3 /c-Si interface and improve surface passivation. In the next step, Al 2 O 3 is etched using diluted HF in a small region of the sample to have access to the silicon. The sample is then introduced into the electrospray setup where the bare c-Si area is used to apply a negative bias of -1000 V to the sample while a positive polarization of 5000V is applied to a needle from where a nanofluid (360nm diameter polystyrene nanoparticles) is expulsed. This technique creates a ~1cm 2 colloidal crystal on top of the Al 2 O 3 passivating film that will be used as a scaffold for the future inverse opal. After the electrospray step, samples are brought to the ALD reactor again to grown a 20nm conformal layer of Al 2 O 3 that fills all the gaps between the polystyrene nanoparticles. All the chemical reactions take place in a small vacuum chamber at 80ºC to prevent melting of the polystyrene nanoparticles. Finally the samples are heated up to 350ºC with a ramp of 5ºC/min and keeping the maximum temperature for 2 hours so as to burn the polystyrene nanoparticles. Inverse opals are also created onto glass substrates for optical characterization following the same steps but starting with a glass substrate covered with ITO (Indium Tin Oxide) that is used as an electrode for the electrospray deposition of the nanoparticles. By SEM observation, we verify that the morphological properties of the inverse opals fabricated on glass samples are identical to the ones fabricated on silicon substrates. In order to check the mechanical and optical damage produced by the laser, silicon and glass samples are laser processed using a 1064nm 400 ns-pulse Nd:Yag laser. Holes are drilled using a square matrix of laser dots created with a laser power of 0.8 W and with a distance of 250 µm between them.
Results and discussion
First of all, we checked out the stability of the electrical c-Si surface passivation through all the steps of the fabrication of the inverse opals by measuring the effective lifetime (τ eff ) of the sample. From these values, an upper limit of the effective surface recombination velocity (S eff ) can be calculated using S eff < w/2τ eff , where w is the wafer thickness. In this expression we assume that both surfaces have the same recombination rate and that no recombination takes place at the c-Si bulk. The values obtained after each step of the fabrication process are shown in table 1. As it can be observed, surface passivation quality is excellent in all cases with S eff values well below 10 cm/s. Interestingly, it must be mentioned that after applying the electrospray process the S eff values slightly increase. However, the subsequent thermal steps needed for the fabrication of the inverse opal help to recover part of the passivation quality. In any case, electrical passivation is maintained to S eff values that allow the fabrication of high-efficiency c-Si solar cells [14] . After demonstrating the fabrication of inverse opals without any detrimental effect on surface passivation, we focus on the contact formation to the c-Si base by means of a laser beam. Regarding the mechanical stability, we have performed systematic SEM observations of the holes drilled by laser on silicon samples. Typical obtained images are shown in Figure 2 . As shown in figure 2,A) and 2,B) , the holes drilled in the inverse opal structure have 50-60 µm diameter corresponding to the usual diameter found in the laser spots produced by this laser onto the same dielectric [15] . As it can be observed, surrounding the laser spot there is a circular 25 µm-wide area where the top of the inverse opal has been blown up, probably by the gases produced during the melting of the materials and trapped inside the structure. However, the rest of the layers below that one are not affected as revealed by the FIB trench shown in figure 2,C) where the worst case scenario, i.e. the thinner colloidal crystal produced by the electrospray method (7 layers) , is analyzed. Therefore, the mechanical stability of the inverse opal on silicon is confirmed. From the point of view of the optical properties, we show in figure 3 the reflectivity of the inverse opal on silicon sample showing a peak of 72 % at λ = 690nm. The laser processed inverse opal on glass is also shown with a very similar reflectivity response. In this case, the peak is located at λ = 700nm and its reflectivity value is 69% demonstrating that the laser process keeps the photonic properties of the inverse opals. Based on the previous results where the mechanical properties have been maintained after laser processing, the difference between both cases could be related to the laser processed area fraction which is 3.1 %. In any case, the optical properties of the inverse opals are not jeopardized by the contact formation. The wider reflectance peak of the inverse opal on c-Si compared to the one on glass is attributed to a worse quality of the photonic crystal probably related to the fact that the samples were produced with different batches of nanoparticles. 
Conclusions
A photonic structure has been fabricated and characterized as a suitable back reflector for c-Si solar cells. This structure consists on an Al 2 O 3 inverse opal based on a colloidal crystals deposited by electrospray. First of all, we check out that the fabrication of the photonic structure does not negatively impact on the surface passivation provided by a dielectric film previously deposited onto c-Si surface. S eff values below 10 cm/s are measured paving the way to high-efficiency solar cells. Once this requirement is fulfilled, we focus on mechanical and optical properties after creation of the contacts through the photonic structure by means of a laser beam. SEM images show that the inverse opal is mechanically stable after the laser drilling process. Finally, optical measurements do not show significant reflectance degradation after the laser process. With all these results, we can conclude that the production of inverse opals in the way proposed hereby is compatible with the fabrication of high-efficiency c-Si solar cells as electrospray setup is easily scalable to cover large areas in the cm 2 range [16] .
